In the following article, the Authors present the results of initial researches into a building component needed for thermal insulation. The building component is a elastic insulation plate made from recycling materials. The solution is protected by industry patter Elastyczna pyta izolacyjna No 23 621 for Silesian University of Technology Gliwice. The paper presents the determination method of effective thermal conductivity for granular materials. It is based on the geometrical model for the determination of granular medium structure, which is based on the theory of the highest-density arrangement of equal-sized spheres. The elaborated by the Authors modeling results, obtained on the basis of an innovative description (definition) of granular medium, were addressed to the commonly applied two-component medium. To verify the correctness of the calculation model proposed by the Authors, the results were subjected to validation, basing on the thermal conductivity of elastic plates in a hot plate apparatus.
Introduction

Material and method
The filling of the IP (Figure 1 ) plate can also be associated with other binders. The IP consists of one or several chambers filled in with the EPS re-granulate. These chambers filled in with re-granulate are micro-perforated on the surface to ensure easy placement as well as an improvement of vapour diffusion. The quantity, diameter and arrangement of the micro-holes depend on the material used for the IP protective film.
The inner and outer surfaces of the chambers are fully or partially covered with a reflecting coating. The authors used dimensions of 0.5 3 0.5 3 0.1 m and material density of 10-11 kg/m 3 with the size of EPS grains, 2O7 mm. The samples for testing were prepared in two variants, that is, without the reflective coating W_1 or W_2, respectively. The micro-perforation was made on the surface of the casing, on a mesh 2 3 2 cm and opening with 0.7 mm in diameter.
Description of heat transfer
The most relevant model includes thermal properties of the medium, its porosity, grain configuration, temperature, gas pressure in pore spaces, moisture content, the impact of external compressive loads, mechanical or surface properties of grains. The so-called 'precise' relations were first introduced by Maxwell (1904) , for high porosity of the material with the assumption that there is no contact resistance between randomly arranged spheres. Extensive research studies on the above issue together with relevant applicability range are offered by Cheng and Hsu (1998) , Kaviany (1995) , Liang (2015) , Tavman (1996) , Torquato (1987) .
When the insulation grains are built of material of relatively high thermal conductivity, and at the same time they are susceptible to deformation, an important role in the heat flow is played by the thermal contact resistance which lowers the thermal conductivity of the insulation (Watson and Vargas-Escobar, 2002) .
The contact area can vary depending on the deformations which can be elastic, plastic or elasto-plastic (Buonanno and Carotenuto, 1997) . Buonanno and Carotenuto (2000) demonstrated that for elastic deformations of the asperities in the contact area between cylinders and spheres under loading, the effective conductivity depends not only on the dimensions of the contact area, but also on the orientation of those areas compared to the temperature gradient. The effects of contact deformation on the estimation of effective conductivity were also studied by Zinchenko (1998) , Wu and Lee (2000) and Siu and Lee (2000) .
This work assumes the average value of all cross sections of the optimally packed spheres (Figure 2) .
A densely packed single plane is similar to a honeycomb built of hexagons. The second plane is moved with respect to the first one in such a way that the spheres fill in the gaps. The location of the spheres of the first plane is denoted as A, and that of the second plate as B. We generally know that packing density is expressed by the following equation
For the packing assumed in that way, we determine thermal resistances Q 1 , . , Q n and then we determine the equivalent thermal resistance and finally the equivalent thermal conductivity coefficient.
Analysis and obtained results
During the modelling process, we assumed that the grains of the granular material were spheres of the same diameter and air temperature in the gaps between the layers was constant. Furthermore, the resistance at the contact between the spheres was ignored. In our work, we use diameter to define grain size
With respect to particles having different size, the diameters described with equation (1) can be insufficient to describe the characteristics of the insulation material. In that case, the information about size distribution of the spheres can be provided
where d is the diameter of the particle (m), m is the average value of the diameters (m) and s 2 is the variance (m 2 ). Figure 3 presents the estimation method of EPS material thickness and air in one cross section.
To calculate the thickness of EPS in a particular cross section, we have to know the amount of spheres in the cross section and the length of the chord AB, which is calculated from the following equation
Similarly, we calculate the air gap BA# between the spheres
When estimating the number of the arranged sphere layers, we allow for the fact that the spheres are arranged in two ways. Let the first layer of spheres be arranged according to the arrangement A, and the second according to B, and so on We calculate the thickness of two layers as the sum of the equilateral triangle height presented in Figure 3 and the sphere diameter. It is illustrated by equation (5) Figure 3 . Arrangement of two spheres and air between them.
We introduce the following symbols:
k 1 -the number of overlapping sphere layers of type A; k 2 -the number of overlapping sphere layers of type B; n -the number of cross sections of one row of spheres, starting from the centre of the sphere; j -the number of sphere rows.
We consider the transfers of heat Q 1 , ., Q n and we calculate thermal resistances R 1 , ., R n . Now, we can calculate the statistically equivalent thermal resistance of the whole material. To simplify, we assume that the number of type A arrangements and type B arrangements is the same and k 1 + k 2 = k, and now we can express that resistance as follows
Hence, we ultimately obtain the relation on the statistically equivalent thermal conductivity coefficient of the insulation material
Another important issue involving the discussed insulation material is the determination of the size of EPS spheres. For that purpose, the volume of 0.0005 m 3 of spheres was selected at random, and then the spheres were passed through three different sieves and then weighed. Basing on the above, the following results were obtained:
Treating Table 1 as a statistical stem-and-leaf display, we calculate the average value of the diameter of EPS spheres, assuming the standard deviation as: In one row 0.12 m long, there are about 29 spheres for the samples 1 and 3, and about 30 spheres for the sample 2. There are about 128 rows in the bottom part. Assuming that for such an arrangement the thermal conductivity coefficient of the grain is at the level of 0.04 W/m K and that the inert air is at the level of 0.025 W/ m K, and basing on equations (4) and (5), the following is obtained on average for all cases: l eq = 0:037 (W=m K)
We can also determine an interval in which the searched value of thermal conductivity coefficient is definitely included. Basing on Table 1 , we can observe that the vast majority of spheres have the diameter within the range \0.003 m, 0.005 m.. Hence, the interval which includes the real value l eq 2 \0:029, 0:049.. Basing on the above, we can estimate the maximum error of our approximation, which is 27%, so l eq = 0:01 (W=m K). Such a high estimation error results from the fact that the rigid sphere packing method was applied for the situation in which grains had different diameters. Furthermore, in the calculation simplifications, we ignored fine powder occurring there. Despite such assumptions and simplifications, and primarily despite the fact that we accepted the averaged grain diameter for the calculations, the result was so similar to the measurements that it was worth applying. We must emphasize here that if we had applied grains of the same diameter in the material structure, the result would have been, in principle, identical with the measurement, and the maximum relative error would have been at a very low level.
Results of laboratory tests
A Heat Flow Meter (HFM) apparatus -FOX 802 was used to measure the thermal conductivity coefficient of the investigated samples. The measurement field of the apparatus is a central area of 0.305 3 0.305 m. Signals from two types of sensors, heat flow density rate and surface temperature are controlled. Heat flux transducers give electronic signal given with the accuracy of 60.6 mV. Measurement uncertainty was assessed to be 2.3%. A sample thickness test was carried out after placing the plate (sample) in the apparatus. The measurements were carried out for three different ranges of temperature, that is, P_1 = (0°C/20°C), P_2 = (0°C/ 40°C), P_3 = (210°C/40°C). The thickness measurement of the samples was carried out under the load of apparatus plate. The measurements were performed for the samples nominally 100 mm thick. Additionally, two extensions 100 mm wide were added on two sides to ensure that the specimens had dimensions identical to the HFM apparatus. The specimens were first dried at the temperature of 70°C and then conditioned at the temperature of (23 6 2)°C and relative humidity of (50 6 5)% for at least 14 days (Tables 2 and 3 ). The measurements were carried out for three different ranges of temperature, i.e.: P_1=(0°C/20°C ), P_2 = (0°C/ 40°C), P_3=(-10°C/40°C) (Tables 2 and 3 ). The measurements of thermal conductivity were performed by the Lesser Poland Laboratory of Low Energy Buildings in Cracow (Figure 4) .
As the material is air filled and thickness is sufficiently large, the effective thermal conductivity may be assumed to be linearly changing with temperature. The empirical and analytical results can be compared ( Figure 5 ). Accepting the model of the real two-component granular medium and treating this medium as an ordered arrangement of connected thermal resistances, we obtain the effective thermal conductivity l eq = 0:037 (W=mK). Using the known Maxwell's model expressed as l eff = el f + e s l s , where e is the percentage share of air volume and e s is the percentage share of grain volume, we calculate l eq = 0:036 (W=mK).
The divergence between the modelling and experimental results arises from the difference between the actual arrangement structure of grains and the theoretical model, that is, there might be discontinuities or indirect packing in the real model. Furthermore, we assumed grains of averaged diameter, and in real conditions the 
